Regional cerebral blood flow (CBF) in eight patients in a persistent vegetative state was measured and compared with that in five healthy volunteers. The patients were classified into three groups: Group 1 (locked-in syndrome) consisted of a single patient, Group 2 (typical vegetative state) of five patients, and Group 3 (prolonged coma) of two patients. CBF was measured early after onset by single photon emission computed tomography with <SUP>123<SUP>I-N-isopropyl-p-iodo-amphetamine and/or 99mTc-hexamethyl propyleneamine oxime. The regions of interest (ROIs) were the bilateral frontal, temporal, parietal, occipital, and cerebellar areas and basal ganglia. The values obtained in these areas were averaged, and the ratio for each ROI [(the value in the ROI/the mean value) x 100] was calculated. "Hyper frontal distribution" of CBF was found to be rare in both the normal condition and the vegetative state. Higher CBF values were noted in the left than in the right frontal area in four of the five volun teers but in only four of the eight patients. CBF distribution in the frontal lobe was characteristic for each group: Group 1 showed high CBF bilaterally, although the elevation was statistically sig nificant only on the right side, and Group 3 exhibited significantly low values. In Group 2, CBF was variable but, for the most part, within normal limits. Awareness was closely correlated with frontal lobe function and alteration of CBF in the frontal region.
Introduction
Persistent vegetative state is a condition character ized by prolonged disturbance of consciousness.') The number of patients diagnosed as persistently vegetative is increasing as a consequence of advances in the management and longer survival following severe cerebral insult.
This syndrome has many causes, including pbst anoxic encephalopathy, cerebral infarction, cerebral hemorrhage, cerebral contusion, and others. Also, persistent vegetative state comprises a variety of more narrowly defined syndromes, e.g., locked-in syndrome,') apallic syndrome, 6) and akinetic mu tism.') Since, in the clinical setting these syndromes, although specifically characterized in the literature, frequently overlap and show considerable variabil ity, in 1972 Jennett and Plum') proposed the concept of persistent vegetative state, which encompasses all the conditions involving protracted impairment of consciousness.
Our primary interest is determining which brain regions continue to function actively in the persistent vegetative state. The development of 133Xe computed tomography (CT) made it possible to study the rela tionship between cerebral function and cerebral blood flow (CBF). Ingvar3,4> used this method to evaluate CBF in unconsciousness patients, and calculated mean hemispheric values mainly on the basis of two dimensional analysis. However, he did not describe the changes in the distribution of CBF in detail. We measured CBF three-dimensionally, using single photon emission CT (SPECT), in an attempt to discover changes in cerebral function in specific brain regions in persistently vegetative patients. in a prolonged coma and isolated from their sur roundings. These patients exhibited none of the responses listed above. They displayed decerebrate posture in response to painful stimuli. CBF was measured by intravenous administration of 3-6 mCi of 123I-N-isopropyl-p-iodo-amphetamine (IMP) and/or 20-30 mCi of 99mTc-hexamethyl-pro pyleneamine oxime (HM-PAO). IMP was adminis tered to the volunteers and six of the patients (Cases 1, 2, 4, 6-8) and HM-PAO to five patients (Cases 1, 3, 5-7).
The gamma camera used was a rotating Hitachi Gamma View-T set at a 360 rotation with 64 steps. The step intervals were 30 seconds for IMP and 15 seconds for HM-PAO. IMP studies were started 30 minutes after its administration, and HM-PAO studies 15 minutes after its administration. The colli mator was medium energy, high sensitivity (MEHS) for the IMP studies and low energy, high resolution (LEHR) for the HM-PAO studies. Reconstructed three-dimensional images were obtained with a Shepp and Logan filter.
Neither the volunteers nor the patients were premedicated. The volunteers were neurologists or radiologists who understood the study in detail, were cooperative, and showed no anxiety. Tape and gauze were used to close the eyes of patients whose eyes were open. The room was silent and free of stimuli; the subjects were not spoken to or touched.
The designated regions of interest (ROIs) were the bilateral frontal lobes, temporal lobes, parietal lobes, occipital lobes, basal ganglia, and cerebellum. As shown in Fig. 1 
Results

I. CBF of volunteers
The CBF values obtained from the volunteers are shown in Table 2 . In the right supratentorial hemi sphere, the highest value was measured in the tempo ral area, followed in order by the occipital, parietal, and frontal areas and the basal ganglia. The differ ence between the occipital and parietal areas was not statistically significant, but the other differences were significant (t test; p < 0.01). In the left supra tentorial hemisphere, the occipital CBF values were significantly higher than those of the temporal and parietal regions and the basal ganglia (t test; p < 0.01), but not significantly higher than those of the frontal area.
CBF was significantly higher in the left than in the right frontal area (p < 0.02) (Fig. 2) . In the tempo ral area and basal ganglia, CBF was higher on the right than on the left side (p < 0.001 and p < 0.05, respectively).
The CBF of the frontal area was compared with the mean CBF in the temporal, parietal, and oc cipital areas in order to test for the presence of "hyperfrontal distribution ,"') but this proved to be a relatively rare phenomenon, observed only in the left hemisphere of two volunteers ( Figure 3 shows IMP and HM-PAO data for the three patients as well as the regression line. The results were signifi cant at p < 0.001. Fig. 2 Frontal CBF in the five volunteers. However, although there was a wide range of fron tal CBF values overall, there was consistency in this ROI within Groups 2 and 3. As Fig. 4 shows, the patient with locked-in syndrome had high values bifrontally, and CBF in the right frontal area was significantly high (p < 0.05). The patients in pro longed coma (Group 3, Cases 6 and 7) showed significantly low values bifrontally (p < 0.05). In Group 2, who were typically vegetative (Cases 2-5 and 8), frontal CBF ranged from 109.2% to 79.5%, although most values were within the normal range.
Thus, CBF was higher in the left than in the right frontal area in only four of the eight patients but in four of the five volunteers. "Hyperfrontal distribu tion" was observed in five hemispheres in three of the patients (Table 3) .
Discussion
Upon the advent of 133Xe CT, it was established that CBF is controlled mainly by neuronal activity, under both pathological and normal condition .3 1) Now CBF can be more precisely measured with positron emission tomography (PET)') and SPECT.'"11,12) However, it is still unknown how the distribution of CBF changes in the persistent vegetative state.5) It is assumed that the lesion responsible for persistent vegetative state would induce low CBF in its vicinity. However, we are most intrigued by secondary changes in regional CBF that occur as a result of altered cerebral function associated with prolonged consciousness disturbance.
Our CBF measurements were semiquantitative; ab solute CBF values could not be obtained, but rela tive regional CBF was easily measured. In addition, SPECT offers the advantage of being noninvasive, Early scans obtained with IMP and HM-PAO were shown to accurately reflect CBF,Z''"1-13) and the CBF data we obtained with these two gamma-emitters were closely and significantly correlated, as shown in Fig. 3 . Therefore, we were able to combine and analyze the CBF data collected from HM-PAC studies (five cases) and from IMP studies (six cases). Our findings did not represent pure cortical flow but rather an average of the white and gray matter flow. This is because of the size of the ROIs and certain technical limitations of SPECT owing to the partial volume effect, which results in underestimation of CBF in gray matter and overestimation in white mat ter. However, the CBF data we obtained from the volunteers were very similar to those measured with PET. s) The normal distribution of CBF has been well de scribed in the literature. 133Xe injection 4) and '33Xe in halation10) studies have disclosed the phenomenon of "hyperfrontal distribution ," which is thought to be characteristic of the normal brain and describes a pat tern of greater CBF distribution to the frontal cortex than to other areas. PET, which permits more precise determination of CBF, did not demonstrate significant "hyperfrontal distribution."') nor did SPECT in our study, other than unilaterally in two volunteers. Preferential left frontal CBF distribution was seen in our study as well as with PET, although the significant asymmetry of CBF in other regions that we observed was not detected with PET.8
Among the various conditions included in persist ent vegetative state, both the sites of the lesions and the symptomatology differ. In locked-in syndrome, the lesions are generally in the pons; apallic syn drome features diffuse cortical lesions; and the le sions of akinetic mutism are in the hypothalamus and midbrain. However, in persistent vegetative state the lesions may occur in other areas as well, and the signs and symptoms may vary considerably. The differential diagnosis among these specific syndromes is often difficult, and actually is not thought to be of particular clinical importance. Moreover, within each syndrome the degree of spontaneous and stimu lus-induced responsiveness is quite variable. There fore, we felt it sufficient to classify our patients into three groups, according to a broadly drawn pattern of responsiveness, and to compare regional CBF among these groups and between each patient group and the healthy volunteers. In order to clearly define the pattern of regional CBF in these groups, we ex cluded patients whose CT scans showed low density over wide areas, since such pathology would obscure secondary changes in CBF distribution.
Ingvar,4) who first reported "hyperfrontal distribu tion," postulated that it is regulated by the ascending reticular formation through a mechanism described as a "simulation of behavior,"
i.e., an anticipatory program of several alternative behavioral modes, any of which can be made operational in response to a specific cerebral event. Although we did not find frontal CBF to be significantly higher than that of other areas in either volunteers or patients, Ingvar's interpretation that frontal CBF is maintained by its function, i.e., a "simulation of behavior," has been noted.
CBF would logically be expected to change with aging. However, Pantano et al.') examined the in fluence of aging of CBF using PET and discovered no significant age-related differences in frontal CBF. The flow in the frontal gray matter and the mean hemispheric gray matter flow decreased simultaneous ly. Using the equation (frontal gray matter flow/mean hemispheric gray matter flow) x 100% these investigators obtained values of 98.4% in young individuals and 94.3% in the elderly (over 50 years of age), a difference that was not statistically significant. Therefore, the difference in regional CBF between the patient and volunteer groups in our study was probably not a function of age. Classification of our patients into three groups disclosed an interesting phenomenon in the frontal area. The patient with locked-in syndrome had high frontal CBF, possibly because complete extinction of all motor function except for vertical eye movement and blinking excited considerable frustration and anxiety, causing him to maintain a constant mode of anticipation concerning his status and events sur rounding him. This would be an example of "simula tion of behavior" in full operation. On the other hand, the patients in Group 3 (pro longed coma) had no residual "simulation of beha vior" and consequently had significantly low frontal CBF. The reason for the variability of CBF in Group 2 (typical vegetative state) is unclear, but this might have been due to variability in the degree of residual function of the frontal lobe. Some fron tal lobe activity may have continued in response to stimulation by the ascending reticular formation, which persisted, in some cases with partial success, in its function of maintaining awareness.
In every patient in Groups 2 and 3, features of apallic syndrome and akinetic mutism coexisted, and the differential diagnosis was very difficult. Those in Group 3 (Cases 6 and 7) had clinical symptoms and CT manifestations more consistent with apallic syn drome: the causes were shear injury and postanoxic encephalopathy, and CT revealed diffuse brain atrophy in both cases. Ingvar4) reported that mean CBF in apallic syndrome was much lower than that in akinetic mutism, and we demonstrated a signifi cant decrease in frontal CBF in apallic syndrome.
In brief summary, this study revealed interesting relationships between CBF and the degree of per sistent vegetative state and between CBF and the specific diagnosis. Awareness was closely correlated with frontal lobe function and with the CBF level in the frontal region.
